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Two copies of human immunodeficiency virus type 1 RNA are incorporated into each virus particle and are
further converted to a stable dimer as the virus particle matures. Several RNA segments that flank the 5� splice
donor site at nucleotide (nt) 289 have been shown to act as packaging signals. Among these, RNA stem-loop
1 (SL1) (nt 243 to 277) can trigger RNA dimerization through a “kissing-loop” mechanism and thus is termed
the dimerization initiation site. However, it is unknown whether other packaging signals are also needed for
dimerization. To pursue this subject, we mutated stem-loop 3 (SL3) (nt 312 to 325), a GA-rich region (nt 325
to 336), and two G-rich repeats (nt 363 to 367 and nt 405 to 409) in proviral DNA and assessed the effects on
RNA dimerization by performing native Northern blot analyses. Our results show that the structure but not
the specific RNA sequence of SL3 is needed not only for efficient viral RNA packaging but also for dimerization.
Mutations of the GA-rich sequence severely diminished viral RNA dimerization as well as packaging; the
combination of mutations in both SL3 and the GA-rich region led to further decreases, implying independent
roles for each of these two RNA motifs. Compensation studies further demonstrated that the RNA-packaging
and dimerization activity of the GA-rich sequence may not depend on a putative interaction between this region
and a CU repeat sequence at nt 227 to 233. In contrast, substitutions in the two G-rich sequences did not cause
any diminution of viral RNA packaging or dimerization. We conclude that both the SL3 motif and GA-rich
RNA sequences, located downstream of the 5� splice donor site, are required for efficient RNA packaging and
dimerization.

Human immunodeficiency virus type 1 (HIV-1) contains a
diploid RNA genome that is noncovalently associated in dimer
form at its 5� ends in a parallel orientation. These attached
viral RNA regions were first described as the dimer linkage
structure in monkey sarcoma virus (18), and this term has been
used subsequently to describe dimerization in other retrovi-
ruses. Two models have been proposed to illustrate molecular
interactions that constitute the HIV-1 dimer linkage structure.
The first involves a tetra-stranded RNA structure, termed a
G-tetrad, that is formed by G-rich RNA sequences (23). This
structure has been implicated in maintaining the integrity of
chromosome telomeres in which stretches of G-rich nucleotide
sequences are present (12). G-rich RNA regions were also
identified at the 5� end of HIV-1 RNA downstream of the
major splice donor site. It was therefore hypothesized that
formation of G-tetrad structures may contribute to the main-
tenance of RNA dimers; this notion has been supported by
studies performed with synthetic viral RNA fragments, yet has
not been extensively tested in the context of the full-length
viral RNA genome (2, 13, 23, 42).

The second model involves a “kissing-loop” mechanism and
is derived from the observation that the stem-loop 1 (SL1)

RNA segment, located upstream of the 5� splice donor site,
was able to spontaneously form dimers under appropriate
buffer conditions (19, 28). This reaction is believed to be ini-
tiated by the SL1 loop palindrome sequence (e.g., 5�-GCGCG
C-3� in HXB2D) via the formation of regular Watson-Crick
base pairs; SL1 was thus termed the dimerization initiation site
(31, 34, 41). Subsequent studies demonstrated that both the
palindrome and the stem are essential for the dimerization
activity of SL1 (7, 9, 20, 31). However, substantial amounts of
dimerized RNA were detected in mutant viruses containing
altered loop sequences or a disrupted SL1 stem structure (3,
35); thus, SL1 may constitute only part of the dimer linkage
structure.

The dimer linkage structure of HIV-1 overlaps the RNA
packaging signals. Stem-loop 3 (SL3) and its flanking RNA
sequences, together with SL1, represent major packaging sig-
nals (5). In addition to the well-documented roles of SL1 in
RNA dimerization, cell-free assays with synthetic RNA mole-
cules showed that an antisense nucleotide oligomer that binds
to SL3 and a downstream GA-rich RNA region was able to
inhibit RNA dimerization (43).

In the present study, we have addressed this subject in vivo
by mutating relevant RNA sequences in proviral DNA and
analyzing virion-derived mutant RNAs by native Northern
blotting. Our data show that both SL3 and the GA-rich RNA
segments are required for both RNA packaging and dimeriza-
tion.
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MATERIALS AND METHODS

Plasmid construction. Infectious HIV-1 cDNA clone BH10 was employed to
generate the constructs described below, and all mutations were introduced by
PCR-based strategies with the Pfu enzyme (Stratagene, La Jolla, Calif.). MD1,
MD2, and MD3 are deletion mutations that were engineered by PCR with
primer pair pBssH-S (5�-CTGAAGCGCGCACGGCAAGAGG-3� [nt 252 to
273]) and pD1 (5�-CCATCTCTCTCCTTCTAGCGCTAGTCAAAATTTTTGG
C-3� [nt 339 to 298]), pBssH-S and pD2 (5�-GCTCTCGCACCCATCTCTTTC
TAGCCTCCGC-3� [nt 349 to 315]), and pBssH-S and pD3 (5�-GCTCTCGCA
CCCATCTCTTTCTAGCGCTAGTCAAAATTTTTGGC-3� [nt 349 to 298]),
respectively (Fig. 1). The PCR products were then used as primers together with
pSph-A (5�-GGCCCTGCATGCACTGGATGC-3� [nt 1000 to 980]) in a second
round of PCR. Final PCR products were digested with the restriction enzymes
BssHII and SphI and inserted into BH10.

Constructs MS1 to MS6, MG1, MG2, and MG12 contain substitutions (Fig. 1)
and were generated with similar strategies with primers pS1 (5�-CCATCTCTC
TCCTTCTAGCTAGCGCTAGTCAAAATTTTTGGC-3� [nt 339 to 298]), pS2
(5�-GCTCTCGCACCCATCTCTGATGTTCTAGCCTCCGC-3� [nt 349 to
315]), pS3 (5�-GCTCTCGCACCCATCTCTGATGTTCTAGCTAGCGCTAGT
CAAAATTTTTGGC-3� [nt 349 to 298]), pS4 (5�-CTCTCTCCTTCTAGCCTC
CTTGTCTCAAAATTTTTGGCGTAC-3� [nt 335 to 294]), pS5 (5�-GCACCC
ATCTCTCTCCTTGACAACTCCTTGTCTCAAAATTTTTGGCGTAC-3� [nt
349 to 294]), pS6 (5�-CGCTCTCGCACCCATATGTCTCCTTCTAGCCTC-3�
[nt 350 to 318]), pG1 (5�-CCATCGATCTAATTCACCGCCGCTTAATACTG
ACGC-3� [nt 383 to 348]), and pG2 (5�-TAATTTATATTTTTTCTTACCGCC
TGGCCTTAACCG-3� [nt 428 to 393]), respectively (Fig. 1).

BH-GA contains a substitution of a 5�-CTCTCTC-3� (nt 227 to 233) by the
sequence 5�-AGAG-3� (see Fig. 6A) and was generated as described previously
(24). Construct MS7 was designed to contain a compensatory mutation for the
MS6 mutant and was generated with primer MS6C-A (5�-CCTGCGTCGACA
TAGCTCCTCTGG-3� [nt 241 to 218]) in combination with primer U5-1S (5�-
GAGATCCCTCAGACCCTTTTAG-3� [nt 137 to 158]), with the MS6 construct
as a template. The PCR product was then used as a primer together with pSph-A
in a second round of PCR, and the final PCR products were digested with NarI
and SphI and inserted into BH10.

To generate an antisense riboprobe to be used in RNase protection assays, a
486-bp fragment was amplified from the BH10 proviral DNA sequence with
primer pair RPA-S (5�-CAgggcccGAGAGCTGCATCCGGAG-3� [nt �164 to
�140]), which was modified to contain an ApaI restriction enzyme site (shown in
lowercase letters), and RPA-A (5�-CCTCCGgaattcAAAATTTTTGGCG-3� [nt
321 to 297]), which was modified to contain an EcoRI restriction enzyme site
(shown in lowercase letters). The resulting PCR product was digested with ApaI
and EcoRI and inserted into the pBluescript II KS� cloning vector (Stratagene)
that had been cut with the same enzymes to generate construct RPA1.

Cell culture, transfection, and infection. COS-7, MT-2, and Jurkat cells were
grown in Dulbecco’s modified Eagle’s medium and RPMI 1640 medium, respec-
tively, both supplemented with 10% fetal calf serum. Transfection of COS-7 cells
was performed with Lipofectamine (Invitrogen, Burlington, Ontario, Canada).
Quantities of progeny viruses were determined by measuring levels of p24 anti-
gen with an enzyme-linked immunosorbent assay (Vironostika HIV-1 Antigen
Microelisa System; Organon Teknika Corporation, Durham, N.C.).

MT-2 or Jurkat cells (5 � 105) were incubated with aliquots of viruses equiv-
alent to 5 ng of p24 in 2 ml of medium at 37°C for 2 h. The cells were then washed
twice and maintained in 10 ml of medium. Culture fluids were collected at
various times to determine levels of reverse transcriptase activity.

Native Northern blotting. Progeny viruses generated by transfected COS-7
cells were first clarified by centrifugation in a Beckman GR-6S centrifuge at
3,000 rpm for 30 min at 4°C and then pelleted through a 20% sucrose cushion by
ultracentrifugation in a Beckman XL-80 ultracentrifuge with an SW41 rotor at
40,000 rpm for 1 h at 4°C. Virus pellets were suspended in 300 �l of TN buffer
(50 mM Tris-HCl [pH 7.8], 10 mM NaCl); a 2-�l portion was removed for p24
determination, and the remaining viruses were treated with virus lysis buffer (50
mM Tris-HCl [pH 7.4], 10 mM EDTA, 1% sodium dodecyl sulfate, 100 mM
NaCl, 50 �g of yeast tRNA/ml, 100 �g of proteinase K/ml) for 20 min at 37°C.
Samples were then extracted twice with phenol-chloroform-isoamyl alcohol (25:
24:1) and once with chloroform.

Viral RNA was precipitated in 2.5 volumes of 95% ethanol. RNA pellets were
washed with 70% ethanol and dissolved in TE (Tris-EDTA) buffer. An amount
of viral RNA equivalent to 150 ng of HIV-1 p24 was fractionated on 0.9% native
agarose gels in 1� TBE (Tris-borate-EDTA) buffer at 100 V for 4 h at 4°C and
analyzed by Northern blotting (38) with an [�-32P]dCTP (ICN, Irvine, Calif.)-
labeled 2-kb HIV-1 DNA fragment (nt 1 to 2000) as a probe. Bands were

visualized by autoradiography and quantified by digital image analysis with the
NIH Image program. To determine the thermostability of viral RNA dimers,
RNA samples were incubated at various temperatures (25°C, 40°C, 45°C, 50°C,
and 55°C) for 10 min in a buffer containing 100 mM NaCl before being separated
on native agarose gels.

RNase protection assays. Preparation of riboprobes and RNase protection
assay experiments were done based on previously described protocols (7, 8).
Briefly, radiolabeled probes were in vitro transcribed from BspEI-linearized
plasmid RPA1 with T7 RNA polymerase in the presence of [�-32P]UTP (ICN,
Irvine, Calif.). RNA was isolated from viruses as described above. Cytoplasmic
RNA was isolated from transfected COS-7 cells by resuspending the cell pellets
in 400 �l of cell lysis buffer (10 mM Tris-HCl [pH 7.4], 140 mM NaCl, 1.5 mM
MgCl2, 0.5% Nonidet P-40, 1 mM dithiothreitol, 100 U of RNase inhibitor
[Invitrogen]), then incubated on ice for 5 min, and centrifuged at 13,000 rpm for
10 min at 4°C. Supernatants were treated with 0.2% sodium dodecyl sulfate and
125 �g of proteinase K per ml at 37°C for 20 min and then subjected to
phenol-chloroform extraction and ethanol precipitation as described above.

Quantities of total cytoplasmic RNA were determined by spectrophotometry
at 260 nm. Amounts of virion RNA equivalent to 25 ng of p24 capsid antigen or
250 ng of cytoplasmic RNA were treated with 10 U of DNase I (Invitrogen) for
30 min at 37°C to remove any plasmid contamination and then subjected to
phenol-chloroform extraction and ethanol precipitation before analysis with the
RNase protection assay II kit (Ambion Inc., Austin, Tex.). Briefly, the RNA was
incubated at 42°C overnight with an excess of labeled riboprobe (105 cpm),
followed by digestion with RNases specific for single-stranded RNA. Protected
fragments were separated on 5% polyacrylamide–8 M urea gels, visualized by
autoradiography, and quantified by digital image analysis with the NIH Image
program.

RESULTS

SL3 is needed for both viral RNA packaging and dimeriza-
tion. SL3 is known to be an important HIV-1 RNA packaging
signal (1, 5, 7, 8, 15, 25, 30). To further assess the potential role
of SL3 in viral RNA dimerization, we generated a series of
mutations. Loop sequence 5�-GGAG-3� (nt 317 to 320) was
either deleted to create construct MD1 or replaced with a
5�-GCTA-3� sequence to generate construct MS1 (Fig. 1); the
latter sequence was designed so as not to disrupt the secondary
structure of SL3 (Fig. 1B). Next, we destabilized the base pairs
within the stem by changing the sequence 5�-CTAGC-3� (nt
312 to 316) to 5�-GACAA-3� in construct MS4 (Fig. 1). To
restore the stem structure, the right portion of the stem se-
quence (5�-GCTAG-3�) (nt 321 to 325) was changed to 5�-TT
GTC-3� in construct MS5 (Fig. 1).

The various DNA clones were transfected into COS-7 cells,
and the progeny viruses thus generated were used to infect
MT-2 and Jurkat cells. Both of these cell lines are CD4� and
thus are permissive for HIV-1 infection. The results shown in
Fig. 2A show that the MD1 and MS4 mutations caused delays
in virus growth in MT-2 cells; in contrast, the MS1 and MS5
mutants grew almost as well as the wild-type virus. Differences
in levels of infectivity between mutant and wild-type viruses
were further verified in Jurkat cells (Fig. 2B). Since HIV-1
grew with slower kinetics in Jurkat cells than in MT-2 cells, as
observed in the growth curves of wild-type BH10, replication
differences between wild-type and mutant viruses were more
pronounced in the Jurkat system. The extent to which these
four viruses were able to replicate was MS1 � MS5 � MS4 �
MD1.

Viral RNA dimerization and packaging studies were per-
formed on virus particles derived from transfection of nonper-
missive COS-7 cells. We used these nonpermissive cells so as
not to allow viral mutants to undergo reversions that might
regularly occur over multiple rounds of infection during cul-
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ture in permissive cells. In order to determine the effects of
these mutations on viral RNA dimerization and packaging, we
analyzed virion-derived RNA on native Northern blots (Fig.
3A and B). In addition, viral RNA packaging was further

investigated by RNase protection assay analysis (Fig. 3C to F).
Since all of our mutations were situated in or just downstream
of SL3, we designed an RNase protection assay probe that was
complementary to sequences spanning the region from within

 

FIG. 1. Description of mutations generated in HIV-1 RNA sequences downstream of the 5� major splice donor (SD) site. (A) Mutations MG1,
MG2, and MG12 are shown at the top; these altered the G-rich sequences without changing relevant amino acid sequences in MA. Mutations in
SL3 and the GA-rich region are diagrammed at the bottom. Deleted nucleotides are indicated by a dash. Nucleotides numbers refer to the first
nucleotide of the R region. A number of structural domains in the leader region are shown: these include TAR, poly(A), U5-PBS, SL1, SL2, and
SL3. (B) Schematic representation of all mutants listed in A. In MS1, the loop sequence was changed without disrupting the SL3 stem; in MS4,
the left portion of the stem sequences was replaced, destabilizing stem base pairing; in MS5, the stem in SL3 was restored by insertion of a
compensatory mutation. MD1 represents a deletion of the SL3 loop; MD2 represents a deletion of the GA-rich sequence just adjacent to SL3;
MD3 is a combination of the MD1 and MD2 deletions; MS2 contains a substitution of the GA-rich sequence just adjacent to SL3; MS3 carries
a combination of the MS1 and MS2 substitutions; MS6 contains substitutions of the two G’s at nt 332 and 334. RNA structures were predicted
by the M-Fold program (29, 44).
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U3 to just before SL3. This particular probe generates the
same digestion pattern for wild-type HIV-1 RNA and each of
our mutants, as depicted in Fig. 3C.

The results of these analyses demonstrate that the majority
of wild-type viral RNA was present as a dimer (Fig. 3A, lane
10). In the case of construct MD1, overall levels of viral RNA
were reduced compared to wild-type BH10 (Fig. 3A, lane 1
versus lane 11, and Fig. 3D and F), and more than 50% of the
viral RNA migrated as monomers (Fig. 3A, lane 1, and Fig.
3B). However, substitution of the SL3 loop sequence in MS1
did not affect either RNA dimerization or packaging (Fig. 3A
and D, lane 4; Fig. 3B and F), suggesting that the loop se-
quence itself is not required for either of these activities.

The negative effect of the MD1 mutation on RNA dimer-
ization and packaging may be due to destabilization of the SL3
secondary structure. To address this issue, the base pairing of
the stem structure was disrupted by the MS4 mutation (Fig.
1B), and the results show that this led to a decrease in overall
levels of both viral RNA and dimeric RNA (Fig. 3A and D,

lane 7; Fig. 3B and F). Restoration of the base pairing in the
stem structure by a compensatory mutation in MS5 (Fig. 1B)
corrected these defects (Fig. 3A and D, lane 8; Fig. 3B and F).
Therefore, SL3 not only acts as a packaging signal but also
affects RNA dimerization, and SL3 secondary structure must
play a major role in each of these activities.

The wild-type and mutant proviral constructs produced sim-
ilar amounts of viral RNA within the cytoplasm (Fig. 3E), with
the exception of MS2 (lane 5), which may have been due to a
difference in transfection efficiency. Analysis of the viral RNA
expressed within the cells revealed that all mutants tested gen-
erated approximately twice as much genomic as spliced viral
RNA transcripts. As for viral RNA encapsidated into virions,
wild-type HIV-1 packaged genomic RNA almost exclusively,
while all mutants encapsidated detectable levels of spliced
RNA. Therefore, SL3 and the downstream region play impor-
tant roles in the specific packaging of full-length genomic RNA,
with concomitant exclusion of the spliced RNA. This observa-
tion is consistent with a previous report on this subject (7).

FIG. 2. Infectiousness of mutant viruses MD1 to MD3 and MS1 to MS6 in permissive cell lines. MT-2 cells (A) and Jurkat cells (B) were
infected with an amount of progeny virus equal to 5 ng of p24 antigen. Virus growth was monitored by measuring reverse transcriptase activity in
culture fluids at various times. Mock infection represents exposure of cells to heat-inactivated wild-type viruses.
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We then compared the thermostability of the mutant and
wild-type RNA dimers by incubating RNA samples at different
temperatures before separation on native agarose gels. The
results show that wild-type viral RNA dimers began to disso-
ciate at 50°C and were completely converted to monomers at
55°C (Fig. 4). Similar results were obtained with RNA samples
containing any of the MD1, MS1, MS4, and MS5 mutations
(Fig. 4). Apparently, RNA dimers within these mutant virus
particles displayed thermostability similar to that of the wild-
type RNA dimers. Our mutant viruses can be ranked as MS1
� MS5 � MS4 � MD1 on the basis of overall RNA levels,
dimer levels within virions, and infectivity (summarized in Ta-
ble 1).

Since we were interested in studying the effects of our mu-
tations on viral RNA dimerization as well as packaging, various
amounts of viral RNA were loaded onto native Northern blots
based on equivalent amounts of virus. However, some of our
mutants displayed packaging defects; thus, smaller amounts of
viral RNA from these mutants were assessed by Northern
blotting than for wild-type virus. In order to test the possibility
that the dimerization defects seen in our mutants might indi-
rectly result from a lower RNA concentration, we performed a
Northern blot analysis of RNA from one mutant which showed
a packaging defect (MD1), along with wild-type BH10 RNA.

We loaded a series of diluted viral RNA samples equivalent
to 300, 200, 100, and 50 ng of p24. The results show that the
dimer-monomer ratios for neither MD1 nor wild-type viral
RNA were affected by decreasing the amount of RNA loaded
in the well; approximately 85 to 90% of wild-type RNA was
present as dimers regardless of the quantity of viral RNA
employed (Fig. 5). A comparison of lanes 2 and 7 in Fig. 5A
also shows that an increase in the amount of mutant RNA did
not enhance RNA dimer levels. Thus, the dimerization defects
seen on our gels are not an indirect result of RNA concentra-
tions.

Mutations in GA-rich RNA sequences at nt 325 to 336 sig-
nificantly reduce levels of both viral RNA dimerization and
packaging. Previous findings have shown that a GA-rich RNA
sequence downstream of the SL3 structure participates in viral
RNA packaging (1, 6, 25). To assess the role of this RNA
sequence in viral RNA dimerization, we either deleted the 4 nt,
5�-GGAG-3� (nt 327 to 330), in construct MD2 or changed
them to 5�-CATC-3� in construct MS2 (Fig. 1). The results of
infection assays showed that both mutations markedly de-
creased viral replication capacity in both MT-2 and Jurkat
cells, with MS2 displaying the greater effect of the two (Fig. 2);
this is potentially attributable to the fact that the mutation in
MS2, unlike that of MD2, inserted C and T bases as well as

FIG. 3. Effects of various mutations on viral RNA dimerization and packaging. (A) Viral RNA was prepared from mutant viruses MD1 to MD3
and MS1 to MS6 (lanes 1 to 9) and wild-type virus BH10 (lane 10), equivalent to 150 ng of p24 antigen, and fractionated on native agarose gels,
followed by Northern blot analysis. Dimers and monomers are indicated on the left side of the gels. Results from one representative gel are shown.
(B) Band intensities of dimer (solid bars) and monomer (open bars) signals were measured with the NIH Image program, and relative levels for
each construct were plotted. The results represent pooled data from three Northern blots with virion-derived RNA from three independent
transfections of each mutant. (C) Schematic illustration of the RNase protection assay system used to quantify viral RNA, based on the strategy
used by Clever and Parslow (7). Shown are the 5� long terminal repeat sequences, including U3, R, U5, and stem loops 1 to 4. Below are shown
the probe (569 nt) and the protected fragments that would be generated from the various viral RNA and DNA sequences; these include DNA (486
nt); full-length genomic RNA (310 nt; panel D, upper band), spliced RNA (288 nt; panel D, middle band), and 3� long terminal repeat sequence
(243 nt; panel D, lower band), which serves as an internal control for total viral RNA. (D) RNase protection assay performed on virion-derived
RNA from mutants MD1 to MD3 and MS1 to MS6 (lanes 1 to 9) and wild-type BH10 (lane 11) viruses. An amount of viral RNA equivalent to
25 ng of p24 capsid antigen was annealed to 105 cpm of radiolabeled riboprobe and digested with RNases specific for single-stranded RNA, and
protected fragments were separated by denaturing 5% polyacrylamide gel electrophoresis. Transfection of the pSP72 cloning vector served as a
mock experiment (lane 10). A dilution series of wild-type RNA was analyzed to show the linear range of the assay (25, 18.75, and 12.5 ng of p24
in lanes 11 to 13, respectively). Wild-type RNA equivalent to 50 ng of p24 was also analyzed to demonstrate that the assay was not saturated at
25 ng of p24 (lane 14). One representative gel is shown from two independent experiments. (E) RNase protection assay performed on cytoplasmic
RNA from transfections of mutants MD1 to MD3 and MS1 to MS6 (lanes 1 to 9) and wild-type BH10 (lane 11) DNA constructs as described for
D with 250 ng of RNA. A twofold sample (500 ng) of cytoplasmic RNA from transfection of wild type BH10 was analyzed to demonstrate that
the assay was not saturated at 250 ng of RNA (lane 12). A sample containing 10 �g of yeast tRNA was used as a negative control (lane 13). One
representative gel is shown from two independent experiments. (F) Packaging levels of mutant viral RNA expressed as a percentage of that of
wild-type (WT) virus BH10 (arbitrarily set at 100%). The bar graph represents data pooled from three Northern blots and two RNase protection
assay gels with RNA from five independent transfections of each mutant.

VOL. 77, 2003 HIV-1 RNA PACKAGING AND DIMERIZATION 89



removing G’s and A’s, thus diminishing the overall GA content
more effectively (Fig. 1). Both MD2 and MS2 reduced viral
infectivity to lower levels than did either the MD1 or MS4
mutation in SL3 (Fig. 2).

We next assessed viral RNA packaging and dimerization in
the MD2 and MS2 mutant viruses and found that both dis-
played significant reductions in levels of viral genomic RNA
(Fig. 3D, lanes 2 and 5, and Fig. 3F). Over 50% of the viral
RNA present in MD2 viruses existed as monomers, as did 60%
of MS2 viral RNA (Fig. 3A, lanes 2 and 5, and Fig. 3B). When
RNA samples were heated at different temperatures before
analysis on native agarose gels, mutant RNA dimers of MD2
and MS2 dissociated at approximately 50°C, as did wild-type
RNA (Fig. 4).

To further evaluate the role of the GA-rich sequence (nt 325
to 336) in RNA dimerization, two G’s at nt positions 332 and
334 were replaced in construct MS6 (Fig. 1). MS6 resulted in
diminished viral infectivity in both MT-2 and Jurkat cells (Fig.
2) as well as significant reductions in RNA dimerization (Fig.
3A, lane 9, and Fig. 3B) and packaging (Fig. 3D, lane 9, and
Fig. 3F), as shown by native Northern blotting and the RNase
protection assay, respectively. The results of these experiments
are summarized in Table 1. Thus, the GA-rich sequence at nt
325 to 336 is required for efficient viral RNA dimerization and
packaging.

Additive effects of SL3 and GA-rich sequences on viral RNA
packaging and dimerization. We next mutated both SL3 and
the GA-rich sequences by either combining the MD1 and MD2
deletions in construct MD3 or recombining the MS1 and MS2
mutations in construct MS3 (Fig. 1). The MD3 deletion caused
a further decrease in viral infectivity in comparison with either
MD1 or MD2 (Fig. 2); similar observations were made with the
MS3 mutant virus (Fig. 2). When virion-derived RNA samples
were examined on native Northern blots, both the proportions
of RNA dimers and overall levels of viral RNA in the MD3
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TABLE 1. Effects of various mutations on viral RNA packaging
and dimerization as well as viral replication

Virus % Dimersa % Packagingb Replicationc

MD1 45 � 3 68 � 11 ���
MD2 44 � 3 49 � 6 ��
MD3 36 � 5 51 � 8 �
MS1 78 � 1 87 � 11 ����
MS2 41 � 6 58 � 11 ��
MS3 43 � 7 60 � 8 �
MS4 59 � 6 75 � 10 ���
MS5 74 � 2 79 � 8 ����
MS6 62 � 6 61 � 11 �
MS7 66 49 NDd

BH-GA 47 � 11 63 � 8 ND
MG1 79 � 6 80 � 10 ����
MG2 87 � 1 91 � 12 ����
MG12 84 � 3 91 � 9 ����
BH10 88 � 3 100 ����

a Percentage of dimerized viral RNA relative to total amount of viral RNA as
determined by native Northern blotting. All values represent means � standard
error for at least three independent experiments except for MS7, which includes
data from two experiments.

b Viral RNA packaged, expressed as a percentage of that of wild-type BH10.
c Replication capacity was scored based on infection studies performed in

MT-2 and Jurkat cells.
d ND, not determined.
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mutant were shown to be lower than those observed in either
MD1 or MD2 (Fig. 3A and D, lane 3 versus 1 and 2, and Fig.
3B and F). Thus, both SL3 and the GA-rich region must
contribute independently to viral RNA dimerization and pack-
aging. Combination of the MS1 and MS2 substitutions in MS3
caused reductions in RNA dimerization and packaging similar
to those observed in MS2 (Fig. 3A and D, lane 6 versus 5, and
Fig. 3B and F), presumably because MS1 did not affect RNA
dimerization or packaging (Fig. 3A and D, lane 4, and Fig. 3B
and F) (see Table 1 for summary). Viral RNA dimers from the
MD3 and MS3 viruses dissociated at approximately 50°C, sim-
ilar to wild-type RNA dimers (Fig. 4).

Mutation of CU repeats at nt 227 to 233 results in dimin-
ished levels of RNA dimerization and packaging. Our data
suggest that secondary structure rather than specific SL3 RNA
sequences is required for dimerization and packaging. Com-

puter modeling studies have also predicted that the GA-rich
region binds to a segment of CU repeats at nt 227 to 233 (Fig.
6A) (14) and that the SL1, SL2, and SL3 RNA motifs exist as
independent domains (referred to as stems II, III, and IV in
reference 14). To test whether the defective RNA packaging
and dimerization that were caused by mutations in the GA-rich
region resulted from destabilization of RNA-RNA interactions
in this region, we replaced the CU repeats at this site with the
sequence 5�-AGAG-3� to generate construct BH-GA (Fig. 6A)
(24). The results of native Northern blot analysis showed that
BH-GA contained reduced levels of viral RNA (Fig. 6D) as
well as a diminished proportion of dimerized RNA (Fig. 6B,
lane 1, and Fig. 6C), suggesting that RNA-RNA interactions
between the CU repeats (nt 227 to 233) and the GA-rich
sequences (nt 325 to 336) might be important for both viral
RNA packaging and dimerization.

To further understand the potential interactions between
the CU repeats (nt 227 to 233) and the GA-rich sequences (nt
325 to 336) and the importance of their interactions in viral
RNA packaging and dimerization, we analyzed the local sec-
ondary structure with the M-Fold algorithm (29, 44). We found
that both the BH-GA and the MS6 mutations disrupted pre-
dicted base-paring between these sequences, but we were un-
able to design satisfactory compensatory mutations for the
BH-GA mutant that would restore local base pairing in this
region, possibly because of the relatively large number of nu-
cleotides changed in BH-GA. However, we were able to re-
store putative stem base pairing by mutating the two C’s at nt
223 and nt 225 to a G and an A, respectively, in the context of
the MS6 mutation (Fig. 7A and B). This newly generated
mutation was termed MS7. Surprisingly, native Northern blot-
ting showed that the viral RNA dimerization defect was not
corrected despite the predicted restoration of base pairing to
a wild-type pattern (Fig. 7C, lane 2 versus 1, and Fig. 7D).
Similarly, the packaging defect seen with the MS6 mutant was
not overcome by the restoration of base pairing in this region
in MS7 (Fig. 7E). Data regarding these mutants are summa-
rized in Table 1. It is likely that both the CU repeats and the
GA-rich sequences are important for viral RNA packaging and
dimerization, but not necessarily through a direct base pairing
interaction.

Mutations in two stretches of G-rich sequences affect nei-
ther viral replication nor viral RNA dimerization. Previous
studies suggested that two stretches of G-rich sequences at nt
363 to 367 and nt 405 to 409 contributed to viral RNA dimer-
ization through formation of G-tetrad structures (2, 27, 42). To
determine whether these two RNA segments are involved in
genomic RNA dimerization, they were either individually mu-
tated in constructs MG1 and MG2 or simultaneously changed
in construct MG12 (Fig. 1A). The substituted nucleotides were
designed so that relevant amino acids in MA were not altered.
None of the three mutations affected viral growth in either
MT-2 or Jurkat cells (Fig. 8). In addition, wild-type levels of
dimerized RNA were present in each of the MG1, MG2, and
MG12 mutant viruses (Fig. 9 and Table 1). Therefore, the
G-rich features of the RNA segments studied are not impor-
tant for either viral replication, RNA dimerization, or packag-
ing.

FIG. 5. Effects of RNA concentration on viral RNA dimerization.
(A) A series of RNA samples of the MD1 mutant containing 300, 200,
100, and 50 ng of p24 equivalent (lanes 1 to 4) and wild-type BH10
(lanes 5 to 8) virus RNA were analyzed by native Northern blotting.
Dimers and monomers are indicated on the left side of the gels.
(B) Band intensities of dimer and monomer signals were measured
with the NIH Image program, and relative levels for each lane were
plotted.
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DISCUSSION

Although the RNA packaging activities of SL3 and GA-rich
sequences (nt 325 to 336) have been reported previously (1, 5,
6, 7, 15, 25, 30), our results provide further in vivo evidence in
this regard by measurements of viral RNA levels in the mutant
viruses MD1 to MD3 and MS1 to MS6 (Fig. 3). The data from
our BH-GA, MS6, and MS7 mutant viruses (Fig. 6 and 7)
further demonstrate that this GA-rich RNA segment is impor-
tant in the regulation of viral RNA packaging but that its
packaging activity may not depend on its interaction with a
stretch of CU repeats at nt 227 to 233. More importantly, our
native Northern blotting results suggest that both SL3 and
GA-rich sequences are required for efficient RNA dimeriza-
tion (Fig. 3A and B, 6B and C, and 7C and D).

Of the four SL3 mutations studied, MD1 and MS4 caused a
destabilization of SL3 structure and diminished levels of RNA
dimerization; in contrast, MS1 and MS5 preserved SL3 struc-
ture and both maintained nearly wild-type levels of dimeriza-
tion (Fig. 3A and B). These findings are consistent with other
data showing that disruption of the SL1 stem led to aberrant
RNA dimerization and that restoration of the stem structure

by compensatory mutations increased RNA dimerization to
wild-type levels (7, 9). Therefore, intact secondary structures of
both SL1 and SL3 are needed for efficient viral RNA dimer-
ization. Of these two RNA motifs, SL1 possesses a palindrome
in the loop, the alteration of which affects RNA dimerization
(9, 34, 41). In contrast, replacement of the SL3 loop sequence
did not interfere with viral RNA dimerization as long as the
changes did not disrupt the SL3 secondary structure (Fig. 3A
and B). SL1 apparently regulates viral RNA dimerization
through its loop palindrome by a kissing-loop mechanism,
while SL3 affects dimerization in a manner that is independent
of the loop sequence.

SL3 shows high affinity for the HIV-1 Gag and NC proteins
(8). A nuclear magnetic resonance structure of a complex
formed by NC and SL3 has recently been resolved and re-
vealed specific interactions between these two molecules (10).
We speculate that these specific RNA-protein interactions,
thought to guide viral RNA packaging, may also be responsible
for the role of SL3 in RNA dimerization.

We have shown that decreases in both RNA packaging and
dimerization are the result of mutations in the SL3 and GA-

FIG. 6. Mutation of CU repeat RNA sequence (nt 227 to 233) affects viral RNA dimerization and packaging. (A) Illustration of a structural
domain formed by viral RNA sequences from nt 227 to 335. This domain contains the SL1, SL2, and SL3 RNA motifs and is isolated from other
RNA structures by a stem formed by long-range interactions between two stretches of RNA sequences at nt 227 to 231 and nt 332 to 336 (14).
In the BH-GA mutation, the RNA stretch at nt 227 to 233 was replaced with the sequence 5�-AGAG-3�, which presumably disrupted the
highlighted stem. (B) Native Northern blots of BH-GA (lane 1) and BH10 (lane 2) RNAs derived from an amount of virus particles equivalent
to 150 ng of p24 antigen. The intensities of RNA signals were measured with the NIH Image program. Dimers and monomers are indicated on
the left side of the gels. Results for one representative gel are shown. (C) Band intensities of dimer and monomer signals were measured with the
NIH Image program, and relative levels for each construct were plotted. (D) RNA packaging levels were expressed as a percentage of that of the
wild-type (WT) virus BH10 (arbitrarily set at 100%). Results shown in C and D represent pooled data from three Northern blots of three
independent transfections of each mutant.
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rich regions (Fig. 3, 6, and 7), but it is uncertain which of these
processes is affected first. From a temporal perspective, studies
with protease-negative HIV-1 suggested that viral RNA is
packaged as immature dimers (11), although this may not be
true for other retroviruses, such as avian leukosis virus (33).

Interestingly, HIV-1 RNA may also be efficiently encapsidated
in monomeric form, based on the following observations: (i)
less extensive mutations of the SL1 loop (i.e., a G-loop muta-
tion) did not affect the viral RNA content but impaired RNA
dimerization. (7); (ii) compensatory mutations in Gag proteins

FIG. 7. Analysis of the putative RNA-RNA interactions between the CU repeats (nt 227 to 233) and the GA-rich sequences (nt 325 to 336).
(A) Illustration of a structural domain formed by viral RNA sequences from nt 227 to nt 336. Nucleotides changed in MS6 and MS7 are underlined.
(B) Secondary-structure models representing the region shown in A for MS6, MS7, and wild-type BH10 based on the M-Fold algorithm (29, 44).
(C) Native Northern blots of MS6, MS7, and BH10 (lanes 1 to 3) RNAs derived from an amount of virus particles equivalent to 150 ng of p24
antigen. The intensities of RNA signals were measured with the NIH Image program. Dimers and monomers are indicated on the left side of the
gels. Results from one representative gel are shown. (D) Band intensities of dimer and monomer signals were measured with the NIH Image
program, and relative levels for each construct were plotted. (E) RNA packaging levels were expressed as a percentage of that of wild-type (WT)
virus BH10 (arbitrarily set at 100%). Results shown in D and E represent pooled data from three independent experiments for MS6 and BH10
and two for MS7.

VOL. 77, 2003 HIV-1 RNA PACKAGING AND DIMERIZATION 93



(MP2 and MNC substitutions) restored viral replication and
viral RNA packaging to nearly wild-type levels but did not
correct defective viral RNA dimerization that was caused by
deletion of the dimerization initiation site (40); (iii) mutated
viruses carrying a duplicated dimerization initiation site con-
tained wild-type levels of viral RNA, the majority of which
were present as monomers (36, 37); and (iv) alteration of
Gag/Gag-Pol ratios in virions reduced viral RNA dimer stabil-
ity without decreasing levels of virion RNA content (39).
Therefore, wild-type RNA packaging can occur in the absence
of efficient RNA dimerization.

In contrast, virus particles are able to encapsidate two copies
of viral RNA despite decreased packaging efficiency. When
basic amino acids that flank the zinc finger motif of NC were
changed to neutral amino acids in Moloney murine leukemia
virus, RNA packaging was decreased; however, the viral RNA
was still mainly dimeric (16). Similar observations have been
made for HIV-1 (22). Therefore, RNA packaging and dimer-
ization can be either individually or simultaneously affected by
different mutations. Further studies are needed to determine
which activity is affected first in the mutant viruses described
herein.

In an attempt to further understand the role of the GA-rich
sequences in the dimerization and packaging processes, we
performed stem disruption-restoration mutagenesis experi-
ments with the CU repeats (nt 227 to 233) and GA-rich se-
quences (nt 325 to 336) to determine whether they are involved
in a direct RNA-RNA interaction, as depicted in Fig. 7A.
Based on our dimerization data, both of these regions are
important for viral RNA packaging and dimerization. How-
ever, despite the seemingly stable secondary-structure predic-
tions generated with the M-Fold program, our MS7 compen-

FIG. 8. Effects of MG1, MG2, and MG12 mutations on viral rep-
lication as determined by infection of MT-2 cells (A) and Jurkat cells
(B). Virus growth was monitored by measurement of reverse transcrip-
tase activity in culture fluids at various times.

FIG. 9. Effects of MG1, MG2, and MG12 mutations on viral RNA dimerization and packaging. (A) Native Northern blot analyses were per-
formed on MG1, MG2, and MG12 (lanes 1 to 3, respectively) and wild-type BH10 (lane 4) RNAs derived from an amount of virus particles equivalent to
150 ng of p24 antigen. The intensities of RNA signals were measured with the NIH Image program. Dimers and monomers are indicated on the
left side of the gels. Results from one representative gel are shown. (B) Band intensities of dimer and monomer signals were measured with the
NIH Image program, and relative levels for each construct were plotted. (C) RNA packaging levels were expressed as a percentage of that of the
wild-type (WT) virus BH10 (arbitrarily set at 100%). Results shown in B and C represent pooled data from three independent experiments.
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satory mutation, which would theoretically restore base pairing
in this region, did not correct the packaging and dimerization
defects seen with the MS6 mutant. These results suggest that
the mechanism by which these sequences are involved in
dimerization and packaging may not act through direct RNA-
RNA interactions between these sequences.

Interactions between the CU repeats (nt 227 to 233) and
GA-rich sequences (nt 325 to 336) have been proposed on the
basis of computer modeling and in vitro probing experiments,
in which the RNA structure thus formed was referred to as
stem I (14). However, the stability of stem I was questioned, as
the reactivity of G’s in this region with kethoxal suggests that
they are unpaired. On this basis, it was concluded that stem I
may exist transiently or in equilibrium with an unpaired state.
It is possible that the CU repeats (nt 227 to 233) and GA-rich
sequences (nt 325 to 336) may bind to other RNA regions as
well and thus regulate viral RNA dimerization and packaging.
Alternatively, they may be involved in more than one type of
RNA-RNA interaction. For example, recent in vitro data sug-
gest that the HIV-1 leader RNA can form alternate structures
that are proposed to regulate RNA dimer formation (4, 17).
Although these models have been generated with synthetic
RNA transcripts, which for the most part do not include SL3,
and await in vivo confirmation, it might be interesting to con-
sider the involvement of SL3 and/or GA-rich sequences in
these conformational switches with respect to dimerization
and/or packaging.

The mutations that we generated in SL3 and the GA-rich
region may also have disrupted dimerization initiation site
structure and indirectly affected RNA dimerization. Although
structural studies of synthetic viral RNA fragments will provide
insight on this topic, the putative effects of our mutations on
dimerization initiation site structure can also be assessed by the
M-Fold program (29, 44). We divided predicted structures
representing each mutation into two groups, based on the
presence or absence of the dimerization initiation site motif,
and plotted 	G values accordingly (Fig. 10). In the case of
wild-type viral RNA, structures containing a dimerization ini-
tiation site are preferable due to their low 	G values. For MS1
and MS5, in which SL3 structure was preserved, secondary
structures containing a dimerization initiation site were also
strongly favored. In the cases of MD1 and MS4, structures
containing a dimerization initiation site tended to show 	G
values lower than those of constructs lacking a dimerization
initiation site. Therefore, mutations in SL3 may have affected
RNA dimerization without a corresponding influence on
dimerization initiation site structure.

In contrast, the MD2, MS2, and MS6 mutations in the GA-
rich region failed to yield dimerization initiation site-contain-
ing structures with favorable 	G values (Fig. 10). This suggests
that these mutations adversely impacted the formation of the
dimerization initiation site structure, which, in turn, led to
defective RNA dimerization and packaging. Since as few as
two nucleotide alterations in MS6 can alter the dimerization
initiation site structure, we believe that the more extensive
GA-rich sequences at nt 325 to 336 may be essential in pre-
serving the integrity of the HIV-1 RNA leader region and in
presenting the dimerization initiation site RNA motif for
dimerization.

Purine quartet structures were also proposed to play a role

in RNA dimerization, as shown by in vitro studies performed
with synthetic viral RNA fragments (2, 26, 42). However, viri-
on-derived RNA dimers are not stabilized by potassium, which
in general enhances purine quartet structures (11). Further-
more, interruption of the G-rich region at nt 817 to 821 in
HIV-1 did not affect viral RNA dimerization (13). Finally, as
shown here, mutations in two stretches of G-rich sequences did
not impact viral RNA dimerization or packaging, confirming
that purine quartets are not involved in these processes.

In summary, our data provide evidence for the involvement
of RNA packaging signals that are located downstream of the
5� splice donor site in HIV-1 RNA dimerization. These find-
ings support the notion that multiple RNA elements may be
needed for RNA dimerization in retroviruses, as was recently
demonstrated in murine leukemia virus (26, 32). Since SL3
exhibits high affinity for NC protein, it is proposed that this
RNA element may regulate HIV-1 RNA dimerization via in-
teractions with NC.
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